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Abstract—1. Esophageal temperature {7, (18.0 £ 6.1 min)] and pill temperature [T, (25.3 £ 9.1 min)] = el
reached steady state faster (P < 0.05) during moderate exercise (40 min at 40% peak V) than rectal E
temperature (T, (37.3 + 4.6 min)] at T, = 29°C, T, = [{°C. Steady-state exercise temperatures were lower —— 'h
for T, =37.18 £ 0.18°C and T, = 37.20 £ 0.32°C than T, = 37.46 £ 0.15°C (P < 0.05). -
2. During moderate excrcise the change in core temperature per time (slope) was greater (P < 0.05) for
T,, (0.050 + 0.013°Cmin-') than T,, (0.031 £ 0.014°Cmin-') and T, (0.018 + 0.005°C min-'). During
intense exercise the change in 7,, per minute was twioe that for 7, and 5 times that for T,.
3. Ovenall, T,, tracked dynamic changes in core temperature significantly faster than 7., although T,,
did not track dynamic changes as well or as consistently as 7,,. The concept of using a temperature sensor
in a pill may be useful clinically, but mobility of the pill makes this temperature measurement less suitable
for research than esophageal or rectal temperature measurements.
Key Word Index: Exercise; :elemetry; body temperature; human - - T
INFRODUCTION comparisons must be made to acceptable, accurate
techniques. Brengelmann (1987) suggested that a
The measurement of core temperature for research measured index of core temperature must: (1) accu-
purposes of clinical safety is generally done using rately reflect hypothalamic temperature as the hypo-
cither esophageal or rectal temperature. Both tem- thalamus is the site of the thermoregulatory
peratures are reproducible and not biased by environ-  controller; (2) the temperature must respond rapidly
mental temperature (Brengelmann, 1987; Gerbrandy and accurately to changes in brain temperature; (3)
et al., 1954, Mead and Bonmanto, 1949); however, the temperature must not be influenced by changes in
the slow response time of rectal temperature is well environmental temperature; and (4) the measurement
documented (Eichna er al., 1951; Gerbrandy er al., should be reliable, easy to use and harmiess to the test
1954; Kolka er al., 1987; Mittleman and Mekjavic, volunteer.
1988; Molnar and Read, 1974). Telemetry systems Eichna er al. (1951) reasoned that the temperature
offer a means to monitor core temperature using a of blood in the left ventricle would be the best
swallowed *pill” as a sensor which transmits tem- approximation of what they called ‘“‘critical deep
perature information outside of the body. This tech- tissue” temperature, equating this temperature with
nology is useful, especially for monitoring the safety the temperature of the central thermoreceptors in the
of subjects in situations where, either clothing fully  brain(Bazett, 1951). It was noted that rectal tempera-
encapsulates the subject, prolonged monitoring is ture was not a satisfactory index of rapidly changing
required or hardwiring is not possible (Mackay, 1970; internal temperature because changes in T, occurred
Wolff, 1961). Telemetry technology has been used after heat loss or heat production effectors were
previously in human subjects to measure core tem- activated during body heating or cooling (Eichna
: perature in various experimental protocols (Fox eral., 1951). However, rectal temperature was appro-
= et al., 1961; Gibson es al., 1981; Mittal ef al., 1991; priate during “steady state” conditions (Eichna er al.,
: Sparling et al., 1992). 1951). Both oral and esophageal temperature respond
& Before a telemetry system using a swallowed rapidly to changes in body temperature, and both
J pill can be judged as an appropriate substitute or oral and esophageal temperature reflect the tempera-
; . replacement for other indices of core temperature, ture at the central thermoreceptors (Gerbrandy et al.,
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1954). Esophageal temperature is an ideal method
for tracking blood temperature in the right heart as
it most accurately reflects the integrated temperature
of the pre-optic/anterior hypothalamus. Conse-
quently, it responds very quickly to dynamic
changes in mean body temperature (Brengeimann,
1987; Gerbrandy et a/., 1954; Rowell, 1983; Shiraki
et al., 1986, 1988).

The purpose of this study was to compare how
well a commercially available temperature telemetry
system tracked rapid and absolute changes in core
temperature compared with esophageal and rectal
temperatures during exercise.

MATERIALS AND METHODS

Eight males volunteered to serve as test subjects
after they were informed of the purpose, procedures
and known risks of this study. Each signed a consent
form describing the study which was approved by
appropriate human use review committees. Their
mean (+SD) age was 20 (+2) years, height was
177 (£0.08) m, mass was 80 (+2) kg, surface area
was 200 (+0.10) m? peak V,, was 46 (+5)
ml min~".

Peak aerobic power (peak V,,) was determined
for each volunteer (SensorMedics 2900) during con-
tinuous resistance work on a cycle ergometer which
was modified so that the volunteer pedalled the
ergometer as he sat in a chair attached behind the
ergometer. The power output was increased approxi-
mately 30 W every 2 min until the volunteer could
no longer continue pedalling at 60 rpm or when he
voluntarily quit pedalling. Peak V,, was designated
when oxygen uptake did not change more than
150 ml with increased ergometer resistance. Individ-
ual peak V,, was used to calculate the relative work
intensity for each experiment.

Three methods were used to measure core tem-
perature: rectal temperature (7,.), esophageal tem-
perature (T,) and pill temperature [CorTemp™,
Human Technologies, St Petersburg, Fla., ingestible
temperature sensor (7)) Rectal temperature was
measured at a depth of 10 cm past the anal sphincter
in the rectum using a calibrated J-type YSI thermis.
tor (Yellow Springs, Ohio). Esophageal temperature
was measured at a pre-determined location in the
esophagus deemed the “‘hot spot”. The “hot spot™
was Jocated by systematically determining tempera-
ture in the esophagus beginning at approximately
25% of each volunteer's height until the temperature
was at a peak, presumably due to the proximity to
the great vessels of the heart. Esophageal temperature
was measured using a calibrated 28-gauge copper-
constantan thermocouple encased in PE-200
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polyethylene tubing (Clay-Adams) which was sealed
at one end with dental epoxy. The CorTemp*
telemetry system included an ingestible temperature
sensor (2 by 1.3cm in dia), FM antenna and data
recorder system. The calibrated temperature sensor
included a silver oxide battery (1.5 V) which pro-
vided the power for sensing and transmitting tem-
perature. The components of the sensors were
encapsulated in epoxy and covered with silicone
rubber. Temperature was traasmitted through the
body to a double bandoleer-type antenna and
recorded by a data logger.

All exercise testing occurred between 0930 and
1200 h. Upon arrival at the laboratory the volunteer
swallowed the telemetry pill with water, ate a light
breakfast and then inserted the rectal and
esophageal temperature probes. Two (+0.5) hours
after swallowing the pills the volunteer was taken 1o
the environmental test chamber to complete the
exercise experiment.

The ambient temperature in the environmental
test chamber was 29.5 + 0.6°C and the dew point
temperature was 11.4 + 1.0°C. Upon entering the
test chamber the volunteer was weighed. the antenna
for the telemetry system was attached to his torso,
and then he sat in a chair which was positioned
behind the cycle ergometer. T, T, and T,, were
measured every 30s throu~"out the expenment.
Heart rate was measured at 5 min intervals by elec-
trocardiography. A 15 min rest period preceded ex-
ercise.

After rest, the volunteer exercised for 40 min at
40% peak V,,. When T, stabilized during moderate
exercise, the volunteer drank 100 ml of water so that
it could be determined whether the pill was still in
the stomach. Volunteers A and B were given drinks
at ~15 and 30 min of exercise, but the remaining 6
volunteers (C-H) drank only once, at ~20 min of
exercise.

Following moderate exercise there was another
15min rest period. To test whether the telemetry
system accurately tracked rapid changes in core
temperature, there were three cycles of intense exer-
cise (80% peak Vo) for Smin interspersed with
Smin rest periods. During intense exercise, heart
rate was measured every minute. The total length of
each experiment was 100 min.

Resting and exercise temperatures, the change in
core temperature, the time to steady-state, and the
slopes of the individual regression equations (tem-
perature by time) were compared by analysis of
variance with repeated measures. When significant
differences were identified by analysis of vanance
(P <0.05), Tukey's test of critical differences was
used for post hoc comparison.
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RESULTS The average resting temperatures were lower for
T,.=36.66 +0.26°C and T,, =36.75 + 0.29°C than

Figures 1 and 2 show core temperature and heart T, = 36.94 + 0.22°C (P < 0.05, Table 1). The average
rate responses. These figures demonstrate the variable  steady-state exercise temperatures during moderate
temperature response from the swallowed pill in these  exercise were lower for T, =37.18 +0.18°C and
2 subjects and represent observations from all 8 7,,=37204032°C than T,=37.46+0.15°C
subjects. The heart rate responses shown in the (P <0.05). There was no difference in the change in
bottom panels of Figs 1 and 2 demonstrate the core temperature from rest to steady-state exercise for
changes in excrcisc intensity during these exper- the three indices of core temperature. However, the
iments. The mean passage time for the telemetry pills  time to reach a steady-state temperature during mod-
was 304 +89h. erate exercise was faster (P < 0.05, Table 2) for T,
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Fig. 1. Esophageal temperature (°C), pill temperature (°C) and rectal temperature (°C) during rest,
moderate exercise and intense exercise for a single subject (B) during the 100 min experiment. Moderate
exercise started at 15 min, and the heart rate response indicates the cycles of rest and exercise. The times
of water ingestion are clearly shown by the decrease in esophageal temperature during moderate exercise.
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Fig. 2. Esophageal temperature (°C), pill temperature (°C) and rectal temperature (°C) during rest,
moderate exercise and intense exercise for a single subject (G) during the 100 min experiment. Moderate
exercise started at 15 min, and the heart rate response indicates the cycles of rest and exercise. The time
of water ingestion is clearly shown by the decrease in esophageal temperature during moderate exercise.

(18.0 + 6.1 min) than T,; (252 +9.1 min) and T,
(37.3 £ 4.6 min).

During the third cycle of intense exercise,
T.=37.65+023°C, T, =37.65+031°Cand T,, =
37.72 £ 0.13°C, however the change in temperature
during the entire 100min experiment was
0.99 £ 0.19°C for T,, 091+0.26°C for T, and
0.78 £ 0.21°C for T,, with T, greater than T,
(P <0.05, Table 3). The rate of increase in core
temperature (°Cmin~') during moderate exercise
was higher (P <0.05, Table 4) for T, (0.050 +

0.013°C min~') than T}, (0.031 £ 0.014°C min~') or
T,, (0.018 + 0.005°C min~'). During intense exercise
T, (0.112+0.028°Cmin~') increased faster than
T,; (0.066+0.035°Cmin~') or 7T, (0.018+
0.009°C min~') (P < 0.05, Table 4).

To more specifically evaluate the response of each
of the three temperature indices, the time to observe
a 0.1°C change during exercise or rest from exercise
was calculated. T, increased 4.4+ 2./min after
the start of moderate exercise compared to
7.5+ 48min for T,; and 12.3+3.0min for T,
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Table 1. Individual core temperatures (°C) during equilibrated rest, stcady-state moderate exercise and
the third cycle of intense exercise

Rest

Moderate exercise Intense exercise

T- Tlu Tu T-

Toi T, Ta T Twe

Ss

A 36.56 36.48 36.81 37.n
B 37.16 37.36 37.38 37.46
C 36.39 36.77 36.98 37.31
D 36.65 36.46 36.88 37.16
E 36.62 36.65 36.89 36.91
F 36.81 36.96 36.99 37.21
G 36.75 36.62 36.98 31.29
H 36.32 36.66 36.60 37.00

36.95 3144 37.71 37.38 37.78
31719 37.58 371.79 38.01 37.74
37.30 31 3743 7.3 37.72
37.16 37.42 37.61 37.62 37
36.82 T N4 37.33 37.57
37.32 37.51 37.88 38.08 3796
36.86 3743 37.99 37.86 3171
31.37 37.38 31.36 37.62 37.56

T, esophageal temperature; T,;, pill temperature; T, rectal temperature.

(P < 0.05, Table 5). After 40 min of moderate exer-
cise, a decrease of 0.1°C in core temperature was
detected after 2.3+ 0.5min for 7, compared to
6.5+ 31min for Ty, and 122 +3.3min for T,
(P < 0.05). During the first cycle of intense exercise,
a 0.1°C increase occurred by 1.8 + 0.8 min for T
compared to 3.8 + 1.5 min for Ty, (P < 0.05). T, had
not changed by the end of 5 min of exercise compared
to the rest period between moderate and intense
exercise.

DISCUSSION

The primary purpose of this study was to evaluate
whether or not the temperature pill telemetry system
was a reliable and an accurate index of core tempera-
ture. Therefore, pill temperature was extensively com-
pared to esophageal temperature and rectal
temperature. At rest, pill temperature was not differ-
ent from esophageal temperature, but was 0.2°C
lower than rectal temperature, a trend which contin-
ued during moderate exercise. Esophageal and rectal

Table 2. Individual times (minutes

from the start of exercise) for core

temperatures to equilibrate during
steady-state moderate exercise

Moderate exercise

Ta Thll Tn

15.5 355 40.5
12.5 11.0 26.5
315 320 40.0
120 310 370
18.5 17.0 370
19.0 19.0 38.5
18.5 220 39.5
16.5 43.0 39.5

T,,. esophageal temperature; 7,,, pill
temperature; 7,., rectal tenipera-
ture.
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temperature were measured in this study because
esophageal temperature responds rapidly to changes
in body temperature (Brengelmann. 1987; Gerbrandy
et al., 1954; Rowell, 1983; Shiraki er al., 1986, 1988)
and rectal temperature is an adequate index of core
temperature during steady-state conditions (Eichna
et al., 1951). Tympanic or auditory meatus tempera-
ture has been used as an index of internal body
temperature in laboratory studies (Baker et al., 1972;
Greenleaf and Castle, 1972, Sharkey er al.. 1987,
Shiraki et al., 1986, 1988). The main detraction for
using tympanic temperature and the reason this index
was not uscd in the current study, is that tympanic
temperature more reliably tracks skin temperature
than core temperature in humans (Greenleaf and
Castle, 1972; Sharkey et al., 1987; Shiraki er al.,
1986). Initially, tympanic temperature was used be-
cause it responded similarly to brain temperature in
the monkey and the cat (Baker ef al., 1972), and it
was proposed that tympanic temperature was the best
core temperature index in humans because it more
accurately reflects hypothalamic temperature and
would also account for selective brain cooling (Brin-
nel and Cabanac, 1989; Cabanac, 1986; Cabanac and

Table 3. Individual change in core
temperature (°C) from rest to the peak
temperature observed during intense

exercise

Subject T Toi T

A 1.15 0.90 0.97
B 0.63 0.65 0.36
C 1.04 0.54 0.74
D 0.96 1.16 0.83
E 0.82 0.68 0.68
F 1.07 1.12 0.97
G 1.24 1.24 0.73
H 1.04 0.96 0.96

T,,, esophageal temperature; T, pill
temperature; T, rectal tempera-
ture,

P
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Table 4. Individual slopes (°C min ') for core temperatures
during steady-state moderate exercise and during the first
cycle of intense exercise

Moderate exercise Intense exercise

T, T, T, T. T T,

0053 0028 0020 0.049 0055 0.026
0.028 0037 0010 0.100 0.038 0022
0.054 0026 0025 0.121 0.09 0.000
005 0060 0017 0.107 005 0014
0.040 0013 0015 0.123 0049 0018
0.049 0036 0016 0.128 0122 0022
0052 0021 0018 0.130 0098 0014
0072 0019 0022 0.138 0015 0.027

T,, csophageal temperature; T,,. pill temperature; T,
rectal temperature.
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Caputa, 1979). However, the existence of sclective
brain cooling in humans has not been proven and
remains highly controversial (Cabanac, 1986; Nadel,
1987, Wenger, 1987). In fact, Jessen and Kuhnen
(1992) recently reported evidence against selective
brain stem cooling in humans.

The only published report (Sparling et al., 1992)
comparing this telemetry pill with rectal temperature
showed a greater difference between pill temperature
and rectal temperature at rest and during exercise
compared with the present study (0.4 and 0.8°C,
respectively in that study). The differences between
reports may be due to differences in experimental
design, variation in pill mobility or location, presence
of water in the stomach, or meal ingestion. In some
of our experiments, pill temperature was abnormally
low during moderate exercise (subjects E & G), poss-
ibly because there was water in the stomach. How-
ever, the pill response improved markedly as the
experiment continued, presumably because the pill
moved out of the stomach. Also, in one of the

KOLKA et al.

experiments, pill temperature was greater than rectal
temperature throughout the experiment (subject B).
So there was individual vanability in pill temperature
compared with both rectal temperature and
esophageal temperature in these experiments, a con-
dition which would prevent prediction of esophageal
or rectal temperature from pill temperature.

In this study, pill temperature was not different
than the other core temperature indices during in-
tense exercise, and the total change in pill tempera-
ture during the 100min experiment was not
significantly different than esophageal temperature or
rectal temperature. [{owever during moderate exer-
cise, although pill temperature reached steady-state
faster than rectal temperature, it responded to
changes in body temperature significantly slower than
esophageal temperature. In addition, during tran-
sitions from rest to exercise and back to rest, pill
temperature changes faster than rectal temperature,
but slower than esophageal temperature. Overall, our
analyses indicate that the ingested pill tracked rapid
changes in core temperature better than rectal tem-
perature, although not as well or as consistently as
esophageal temperature. For example, pill tempera-
ture (Fig. 1) decreased during rest, and the respon-
siveness of the pill differed (Fig. 2) with progressive
exercise, both observations due to changing location
in the gastrointestinal tract.

Rectal temperature as an index of core tempera-
ture, is useful when an individual is in thermal
equilibrium (Eichna et al., 1951; Gerbrandy ef al.,
1954; Kolka er al., 1987, Mittleman and Mekjavic,
1988; Molnar and Read, 1974) and data from the
current study indicate that rectal temperature lags
behind esophageal temperature by 12-25 min. Even
though the moderate exercise period was 40 min,
it often took this entire exercise period for rectal

Table 5. Time (min) to observe a 0.1°C increase or decrease in core temperature during
40 min of steady-state moderate exercise, 15 min of rest following moderate exercise and
S min of intense exercise

Moderate exercise

Rest Intense exercise

T, T, T. T,

Thu Tu Tu Thli TR

9.0 0.5 12.5 30
5.5 25 13.5 30
20 13.0 13.0 20
30 6.0 11.0 25
40 8.5 15.0 20
1.5 7.0 10.0 20
7.5 15.0 16.5 20
kX)) 7.5 1.0 20

TOMmMpOw>» |

11.0 15.0 20 40 5.0
35 1.0 35 30 5.0
3.0 15.0 1.0 2.5 5.0
6.5 11.0 1.0 4.0 5.0

10.5 15.0 20 4.0 5.0
35 9.0 20 30 50
6.5 15.0 20 2.5 50
75 6.5 1.0 70 50

T,.. esophageal temperature; T, pill temperature; T,,, rectal temperature. If the
temperature did not change by the end of the appropriate period, the time for the
entire exercise or rest period was entered.
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temperature to equilibrate. However, the mean
change in core temperature during moderate exercise
was measured as effectively by rectal temperature as
by either other core temperature index. On the other
hand, these experiments show that rectal temperature
was often changing in an opposite direction from
esophageal temperature during transitions from exer-
cise to rest and back to exercise. These are not new
findings, and we emphasize that during exercise in a
hot environment, a delay in detecting a substantial
increase in core temperature by using rectal tempera-
ture might contribute to heat injury.

In conclusion, the telemetry system as a core
temperature data acquisition system was reliable pro-
vided ihat preliminary screening by water bath cali-
bration eliminated those sensors (pills) which
measured temperature inaccurately. For the most
part, the telemetry system accurately measured core
temperature with the drawback that mobility of the
pill in the GI tract caused changes in both the
absolute temperature and the temperature response
characteristics which made pill temperature less
reliable than either rectal or esophageal temperature.

The concept of using a temperature sensor in a pill
(Wolff, 1961) may be useful clinically, but mobility of
the pill makes this temperature measurement less
suitable for research than either esophageal or rectal
temperature measurements. Based on 8 experiments
(100 min), changing anatomical location of the pill
resulted in an inappropriate change of 0.2-0.3'C in at
least 2 experiments. Temperature pills should not be
used for research from which decisions will be made
regarding heat storage differences between conditions
because an inappropriate change in core temperature
of 0.2-0.3°C could confound findings.
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